We develop and estimate a DSGE model which realistically assumes that many goods in the economy are produced through more than one stage of production. Firms produce differentiated goods at an intermediate stage and a final stage, post different prices at both stages, and face stage-specific technological change. Wagesetting households are imperfectly competitive with respect to labor skills. Intermediate-stage technology shocks explain most of short-run output fluctuations, whereas final-stage technology shocks only have a small impact. Despite the dominance of technology shocks, the model predicts a near-zero correlation between hours worked and the return to work and mildly procyclical real wages. The factors mainly responsible for these findings are an input-output linkage between firms operating at the different stages and movements in the relative price of goods. We show that, depending the source, a technology improvement may either have a contractionary or expansionary impact on employment.
Introduction
The empirical identification of the underlying forces that cause business cycles is a leading topic of research in macroeconomics. In a series of influential articles based on neoclassical theory, shocks to total factor productivity (TFP) are considered to be the major source of short-run aggregate fluctuations (e.g., Kydland and Prescott, 1982; Hansen, 1985; Prescott, 1986 ). However, a recent literature claims that technology shocks are mostly irrelevant for postwar business cycles (e.g., Galí, 1999; Christiano, Eichenbaum and Vigfusson, 2004; Basu, Fernald and Kimball, 2006) . 1 For instance, Hall (1997) forcefully argues that real business cycle (RBC) models, emphasizing the importance of technology shocks and intertemporal mechanisms, must be called into question. He presents suggestive evidence that random shifts in household preferences, rather than exogenous variations in the pace of technology, are the main factors driving postwar business cycles. While sharing Hall's (1997) scepticism about the relevance of standard RBC models for the analysis of short-run fluctuations, the present paper proposes a new explanation of the transmission of technological progress and offers new evidence of the importance to technology shocks for the understanding of business cycles.
Most optimization-based macroeconomic models assume that firms operate at the finishedgood processing stage for which technological change matters only at the final stage of production.
However, several goods in the economy are typically produced through more than one processing stage, while firms at different stages in the processing chain charge different prices for the goods they produce. Considering this reality prompts some potentially important questions about the propagation of technological change. Can exogenous variations in the pace of technology during intermediate stages of production have an impact on the business cycle? If so, is it quantitatively important? If technology shocks are found to be an important source of short-run fluctuations in a model featuring a multi-stage production and pricing structure, can this structure also contribute to remedy anomalies that have plagued a large class of models wherein technology shocks are the dominant source of business-cycle fluctuations? Based on a dynamic stochastic general equilibrium (DSGE) model embedding a two-stage production and pricing structure, and estimated on U.S. postwar quarterly data, our paper answers affirmatively to all these questions.
For the purpose of our investigation, we construct a DSGE model of the postwar U.S. business cycle that incorporates the following main structural components: i) price-setting monopolistic competitors that produce differentiated goods both at an intermediate stage and a final stage, ii) 1 However, Fisher (2006) provides evidence suggesting that investment-specific rather than neutral technology shocks matter for the business cycle.
exogenous variations in the pace of technology which are specific to each processing stage, iii) an interconnection between firms modeled by the use of intermediate goods as productive inputs by firms engaged in the production of finished goods, iv) allocative movements in the relative price of goods, v) wage-setting monopolistic households with differentiated labor skills, vi) some real frictions in the form of costs incurred by increasing the stock of aggregate physical capital and by varying the quantity of the labor input at each processing stage, vii) a monetary authority that sets short-term interest rates according to a Taylor-type rule, and viii) structural shocks to preferences, technology at different stages, and monetary policy. The model is estimated over the postwar U.S.
period with econometric techniques similar to those in Ireland (2004a,b) .
The evidence in Basu (1995) and Huang, Liu and Phaneuf (2004) establishes that the interaction between nominal rigidities and a roundabout input-output structure may significantly alter the transmission of monetary shocks. 2 However, while these models assume that firms are related through a horizontal roundabout input-output structure within a single final stage of production, our model postulates that firms are linked vertically, across processing stages. Hence, our framework is closer in spirit to a class of models featuring production chains such as Blanchard (1983) and Liu (2001, 2005) . 3 Furthermore, given the recent controversy on the relevance of technology shocks for short-run fluctuations, our paper takes a closer look at the effects of stagespecific technological change on the postwar business cycle rather than focusing on the effects of monetary shocks only.
A first set of substantive findings can be summarized as follows. The two-stage production and pricing model is strongly supported by the data. Some key structural parameters of the model, including the share of intermediate goods into the production of finished goods as well as the parameters determining the length of nominal contracts and the importance of the real frictions are estimated to be statistically significant and economically meaningful. According to the variance decompositions for a variety of forecast horizons obtained from our estimated two-stage model, the 2 Basu (1995) shows that a demand-driven model with intermediate inputs and sticky prices accounts for procyclical productivity, while predicting large welfare losses from monetary nonneutrality. Huang et al. (2004) show that such a model with intermediate inputs, nominal wage rigidity and nominal price rigidity is able to capture the switch in the cyclicality of real wages observed from the interwar to the postwar period even when aggregate fluctuations are driven only by monetary shocks.
3 Blanchard (1983) studies the impact of a production chain structure on price level inertia, goods early in the chain having more flexible prices than goods further down the chain. Huang and Liu (2001) Overall, the increase in the demand for final output is not strong enough to keep up with the rise in final-stage productivity, so that final-stage hours will fall.
Working with a one-stage model, Galí (1999) shows that an exogenous increase in multifactor productivity may lead to a short-run fall in employment as long as nominal prices are sticky and monetary policy is weakly accommodative (see also Basu, Fernald and Kimball, 2006 models fails to explain this critical comovement, predicting a correlation between hours and productivity which is high and positive. Also, the two-stage model correctly predicts that real wages are mildly procyclical, while they usually are strongly procyclical in RBC models.
To improve the correlation between hours and productivity, Christiano and Eichenbaum (1992) suggest adding measurable economic impulses that possibly shift the labor supply function to an otherwise standard RBC model with indivisible labor. They incorporate shocks to government consumption and find that the correlation between hours and the return to work can be reduced to 0.575. Pushing this line of research further, Braun (1994) The two-stage model also has interesting implications for price dynamics. One finds in the early work of Means (1935) the observation that the nominal prices of goods early in the production chain are significantly more volatile than the prices of goods further down the chain of production (see also the evidence in Gordon, 1981 , Blanchard, 1987 , Clark, 1999 and Hanes, 1999 . Such evidence also motivates the work of Blanchard (1983) . 6 The two-stage model predicts that the variability in intermediate-stage inflation is nearly two times larger than variability in final-stage inflation, which seems broadly consistent with the evidence we report later in the paper.
To shed some light on our model's main driving mechanism, we estimate two variants of our general framework. The first assumes that firms produce only finished goods and still features sticky nominal wages and real frictions, but only one source of nominal price rigidity. The second incorporates the two-stage production structure and real frictions, but with fully flexible nominal wages and prices. This variant can be interpreted as a two-stage RBC model. On the basis of formal likelihood ratio tests, we provide evidence that the general framework cannot be rejected in favor of each of the variants. The one-stage model with nominal rigidities predicts highly countercyclical 5 Adding some real frictions like habit formation in consumption and investment adjustment costs to a RBC model can possibly reverse the sign of the correlation between hours and productivity, making it strongly negative as hours may decline following a positive technology shock (e.g., Francis and Ramey, 2005) . 6 See also Huang and Liu (2001) .
real wages and a strong, negative correlation between hours and productivity. The two-stage RBC model, like standard one-stage RBC models, predicts highly procyclical real wages and a strong, positive correlation between hours and productivity.
The paper is organized as follows. Section 2 describes the two-stage model with nominal rigidities and real frictions. Section 3 discusses some estimation issues. Section 4 presents and analyzes our main findings. Section 5 offers concluding remarks.
A Model with a Two-Stage Production and Pricing Structure
The economy is inhabited by a large number of infinitely lived households endowed with differen- Technology shocks affect the productivity of producers at each stage. The monetary authority sets the nominal interest rate based on a Taylor-type rule, which also subject to stochastic innovations.
Households
Assume a continuum of households, each endowed with a differentiated skill indexed by i
The household i ∈ [0, 1] has a utility function:
where E is an expectations operator, β ∈ (0, 1) is a subjective discount factor, C t (i) is real consumption, M t (i)/P y,t is real money balances, P y,t is the price index for finished goods, and N t (i) denotes hours worked; γ, b, µ and η are positive structural parameters, with γ representing the constant elasticity of substitution between consumption and real balances, and η the inverse of the elasticity of labor supply. The representative household's total time available is normalized to one in each period.
The preference shock, κ t , has the following time-series representation:
where ε κ,t is a serially uncorrelated independent and identically distributed process with mean-zero, and standard error σ κ (see also Hall, 1997 , Galí and Rabanal, 2004 and Ireland, 2004a ).
Household i ∈ [0, 1] faces the budget constraint
where 
where
The investment technology is
where δ ∈ (0, 1) is the rate of depreciation of physical capital.
The aggregate labor input, N t , is a composite of all labor skills,
where σ is the elasticity of substitution between skills. The demand function for labor skill i is
where the wage rate W t of the composite skill is related to the wage rates of the differentiated skills
The
and W t (i) (when the household can adjust the nominal wage) which maximize the expected discounted sum of utility flows, subject to the budget constraint and the firms' labor demand for skill i.
Wage Contract
In each period, the nominal wage rate can be adjusted with probability 1 − d w . The first-order condition with respect to W t (i) determines the following nominal wage contract
where λ t (i) is the nonnegative Lagrange multiplier associated with the budget constraint. At the symmetric equilibrium, the aggregate nominal wage is given by the following recursive equation:
where W t is the average wage of the households allowed to revise their nominal wages in period t.
Firms in the Two-Stage Production Structure
Firms at the intermediate and final stages are related by an input-output linkage. Monopolistically competitive producers set nominal prices at each stage. In any given period, the price of finished goods can be adjusted with probability 1−d y , and the prices of intermediate goods with probability
Final Stage of Production
Final-stage output Y t is a composite of all the finished goods Y t (j), j ∈ (0, 1) denoting a particular type of finished good,
where θ y is the elasticity of substitution between finished goods.
The firm producing finished good j solves the following profit maximization problem:
where P y,t (j) is the price of good j. The demand function for this type of good is
where the price index for the finished goods P y,t is given by
Intermediate Stage of Production
Intermediate-stage output Z t is a composite of all the intermediate goods Z t (l), l ∈ (0, 1) denoting a particular type of intermediate good,
where θ z is the elasticity of substitution between intermediate goods.
The demand function for the intermediate good l is
where P z,t (l) is the price of good l. The price index for the intermediate goods P z,t is
Firms at the Final Stage
Producing finished good j requires the use of labor N y,t (j), capital K y,t (j), and intermediate goods
Finished-good j is produced through the following constant returns to scale technology:
where φ, α y ∈ (0, 1).
The final-stage technology shock A y,t follows the stochastic process
where ε y,t is a serially uncorrelated independent and identically distributed process with mean-zero, and standard error σ y Each firm j must pay a cost to vary hours worked. This cost is determined by the following function:
where ϕ y > 0.
Firms at the final stage are price-takers in the markets for inputs. The firm producing finished good j solves the following problem :
subject to:
and equations (11) and (13).
Price Decisions at the Final Stage
The first-order condition for P y,t (j) determines the contract for the price of finished good j
where ζ y,t (j) is the real marginal cost of the firm producing finished good j.
At the symmetric equilibrium, the average price of finished goods is
whereP y,t is the average price of firms at the final stage allowed to revise their prices in period t.
Firms at the Intermediate Stage
The intermediate-stage firm l rents capital K z,t (l) and hires workers N z,t (l) to produce the intermediate good Z t (l) with the following production technology:
where α z ∈ (0, 1).
The intermediate-stage technology shock A z,t is generated by the following stochastic process
where ε z,t is a mean-zero, i.i.d. normal process with standard error σ A z .
Intermediate-stage firm l must pay a cost to vary hours worked. This cost is determined by the following function:
where ϕ z > 0.
Firm l solves the profit maximization problem
and equations (12) and (17).
Price Decisions at the Intermediate Stage
The first-order condition for P z,t (l) determines the contract for the price of intermediate good l
where ζ z,t (l) is the real marginal cost of the firm producing intermediate good l. At the symmetric equilibrium, the average price of the intermediate goods is given by
whereP z,t is the average price of firms at the intermediate stage allowed to revise their prices in period t.
The Monetary Policy Rule
The central bank sets the nominal interest rate R t in response to deviations of finished-good inflation 
R * is the steady-state gross nominal rate of interest, and ε v,t is a serially uncorrelated independent and identically distributed process with mean-zero, and standard error σ v .
Closing the Model
The market-clearing conditions at the symmetric equilibrium are:
where N y,t = N y,t (j)dj and N z,t = N z,t (l)dl,
and
The bond market clearing condition implies that
Equilibrium
An equilibrium consists of allocations As in Rotemberg and Woodford (1997), we assume the existence of state contingent securities ensuring that, in equilibrium, households are homogeneous with respect to consumption and asset holdings, whereas they are heterogeneous with respect to the wage rate and labor supply.
3 Econometric Procedure
Estimation
The model is solved by log-linearizing its equilibrium conditions around a symmetric steady state in which all variables are constant. The linearized system yields the following state space representation:
where X t is a vector that includes the model's predetermined and exogenous variables and Y t is a vector composed of the remaining endogenous variables. The likelihood function L(Y T |Θ) associated with the state-space solution is evaluated using the Kalman filter. Prior to the estimation, we define the following vector of observables:
which includes real consumption, final output, the nominal interest rate, finished-good inflation, the average productivity of labor, and the real wages, each variable being measured in percentagedeviations from its steady-state value.
Since the model is estimated using these six time-series, while it contains four structural shocks, we append two shocks representing measurement errors (see also Altug, 1989 , Sargent, 1989 , and Ireland, 2004b . The system of equations for the selected variables is
where K and L are matrices which are obtained after choosing the appropriate variables in X t , Y t , and the vector of errors. The measurement errors, that we assume to be independent from the structural shocks, follow the autoregressive process:
where M and Σ υ are diagonal matrices.
Data
We use U. 
Calibration
When estimating relatively large structural models using maximum likelihood techniques, it is sometimes difficult to obtain sensible estimates of all the structural parameters either because some parameters are not easy to identify or because the optimization algorithm fails to locate the maximum due the complexity of the objective function. This issue can be alleviated by calibrating some parameters prior to the estimation. First, the subjective discount factor β is set to 0.995, 
Empirical Results

The Benchmark Model
The benchmark model is one that includes the complete list of structural ingredients described in section 2. In that case, the set of structural parameters that we seek to estimate is summarized by Table 1 The probability that the prices of finished goods stay put in any given period is 0. 
Sources of Short-Run Fluctuations
What are the most important shocks for short-run fluctuations? Table 2 
The Effects of Stage-Specific Technological Change
We now examine the dynamic effects of stage-specific technological change in the benchmark model. 
Business Cycle Statistics
One way to assess the performance of our benchmark model is to look at its ability to match a fairly comprehensive set of stylized facts. Table 4 compares business-cycle statistics taken from the data with those predicted by the estimated model. The time series are detrended using the Hodrick-Prescott filter.
The estimated benchmark model provides a good match on several dimensions of the data.
In particular, it has interesting implications for the dynamics of the labor market. As mentioned earlier, an important strand of literature has focused on two stylized facts observed during the postwar period: i) hours worked have fluctuated a lot more than the average productivity of labor (e.g., Kydland and Prescott, 1982; Hansen, 1985) and ii) the correlation between hours and productivity has been close to zero (e.g., Christiano and Eichenbaum, 1992; Hansen and Wright, 1992; Braun, 1994; McGrattan, 1994) . The model accounts very well for these facts. First, it predicts that the volatility of hours is 1.86 times larger than that of productivity, while it is 1.76 times larger in the data. Second, the correlation between hours and productivity in the benchmark model is −0.116, while according to the data it is −0.053.
Models in which technology shocks are assumed to be the dominant source of short-run fluctuations usually predict a strong positive correlation between hours and productivity. To better understand the reasons of this improvement, we decompose the correlation between hours and productivity conditional on the type of shock causing it in the benchmark model. The results are presented in Table 5 
Sensitivity Analysis
This section identifies the most important factors behind our main results. We first look at the role of the input-output linkage by assuming that the parameter φ takes an arbitrarily small value, while the rest of parameters in the benchmark model remains the same. 
Alternative Models
Another way to assess our model's main driving mechanism is to estimate some model's variants Table 4 . Hours worked are too volatile relative to output, whereas the relative volatility of investment and output is much too low. Real wages are strongly countercyclical, and the correlation between hours and productivity is strongly negative. Also, based on the likelihood ratio test (bottom of Table 1 ), the benchmark model is strongly preferred by the data to Model I.
Model II does not perform well either, being prone to the problems usually encountered in standard (one-stage) RBC models. The relative volatility of hours and output is much too low.
The relative volatility of real wages to output is too high. Real wages and productivity are both strongly procyclical. The correlation between hours and productivity is strongly positive. Based on the likelihood ratio test, the benchmark model is strongly preferred by the data to Model II.
Conclusion
Real business cycle theory claims that technology shocks account for the bulk of short-run output 
